Objectives-To evaluate the relation between exposure to ground radon levels and leukaemia among children using existing population and disease registers. Design-Ecological correlation study. Setting-The county of Östergötland in Sweden. Methods-Every child born in the county between 1979 and 1992 was mapped to the property centroid coordinates by linking addresses in the population and property registers. Population maps were overlaid with radon maps and exposure at birth and each subsequent year was quantified as high, normal, low or unknown. This was analysed with data from the tumour registry. Standardised mortality ratios (SMRs) were calculated using the age and sex specific rates for Sweden for the year 1995.
Radon is one of the important sources of background radiation to which humans are exposed. The association of radon with lung cancers and other malignancies has been studied extensively. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The association between radon and childhood malignancies was reported in several studies from Great Britain, [5] [6] [7] and generated considerable debate. [8] [9] [10] [11] [12] One study from the USA found an association between groundwater radon concentration and overall cancer mortality in children under 15 years with the strongest association for leukaemias. 13 On the other hand a large case control study 14 and at least two ecological analyses 15 16 published recently failed to show any increased risk between residential radon exposure and childhood acute lymphatic leukaemia (ALL).
No large scale studies of risk from background radiation attributable to radon in children have been carried out in Sweden. Furthermore, in the context of an environmental risk factor, it is not enough to know just the spatial distribution of population at risk. The temporal aspect of the problem-that is, when did the exposure occur and for how long-is of equal, if not greater, importance. Against this background this study was undertaken to analyse both the spatial and temporal profile, using and adapting existing and available databases and health registers.
The specific objectives of this study were to: (a) Extract from the existing population databases a subset of all children born in the county of Östergötland between 1979-1992. (b) To link this database of children to the radon risk map of the county and to determine the level of risk they were exposed to at birth, and during the period of study. (c) To determine the relation between exposure to high background radon and malignancies if any.
Methods

MAPS
The province of Östergötland in Sweden was the study area. Digital maps of the province were purchased from the "Lantmäteriverket", the Swedish Land Surveyor authority. The Swedish geological survey oYce has defined a national radon risk classification (table 1) , by which all 13 communes in Östergötland, the entire area in seven of them and the densely populated areas or the areas planned for development in the remaining six, have been measured. The classification in high, possibly high, normal or low risk areas has been depicted on detailed paper maps, which were digitised by us in the Swedish national grid coordinate system.
STUDY POPULATION
The entire population of the county of Östergötland from the years 1979 to 1995 17 18 and depicted diagramatically in figure 1 . Thus a population database containing the personal number, age, sex and property centroid coordinates of each person, at birth and every continued year of residence in the county was generated.
A total of 68 506 children were born during the period 1979-1992 in the county of Östergötland and formed the study population. The study period was from 1979 to 1995, giving a follow up time for each child of at least three years. A map of the property was overlaid with digital radon maps using the MAPINFO package to add a field for risk classification to each property address. This was then linked back to the children's database resulting in a record for each child showing the personal number, the address at birth and for each year thereafter till 1995 and the risk stratification at each place of residence.
At this point 15 360 children, 7914 boys and 7446 girls, who had, through the entire study period, resided in an area where the risk from radon was not measured, were excluded, leaving 53 146 subjects in the study group. This table was then submitted to the regional cancer registry where another field was added to each record containing the ICD code of the type of cancer, if any, and the date of diagnosis. Data on 5902 children who had migrated out of Östergötland during the study period were submitted to the national cancer registry. The tumour registry used ICD-7 codes in the database sent back to us. However, for reasons of privacy protection the addresses, coordinates and personal numbers were removed from the records before the table was returned to us. The ultimate table contained the information as depicted in figure 2 .
The population was stratified by age group, sex and radon exposure classification. Risk stratification was considered in two diVerent ways. The first was to assume the risk classification at birth to be eVective for the entire study duration. The second strategy was to stratify individuals according to the risk levels they were exposed to during each year of residence during the study period. Continued exposure risk "high" meant that the person had only resided at high risk areas while "mixed" indicated that the person had shifted residence and the risk classification at each place of residence was diVerent. Person years that each subject contributed to each age class was calculated according to the method described by Breslow and Day. 19 As the number of subjects in the category "possibly high" was so small it was combined with the category "high". Standardised mortality ratios (SMRs) were calculated using the Swedish national age and sex specific rates for the follow up end year 1995 to calculate the expected values. Comparison of the groups was done according to the method described by Breslow and Day. 20 Relative risk (RR) was calculated using the group classified as low exposure as the standard.
Results
A total of 90 malignancies were recorded among these 53 146 children (498 887 person years) during the study period, 59 among boys and 31 among girls. There was no significant relation between the total number of malignancies and the continued exposure risk throughout the study period or with the risk level at the place of birth (not shown).
The incidence of ALL among children according to age, sex and risk stratification is shown in tables 2 and 3. It was noteworthy that only two cases of ALL occurred among children who were born in a low risk area and both were boys. However, before they developed ALL both of them had moved out of Östergötland where one had stayed only one year at a low risk area and five years at a normal risk area while the other had stayed at a low risk area for three years. There was a rising trend in the RR from low risk to high risk through normal, though this was significant only when findings for both sexes were combined. This relation was seen both with the risk at place of birth and the continued exposure risk through out the study period. SMRs for girls were markedly lower than for boys. The RR for girls separately was not calculated as no cases were recorded among girls in the low classification group.
Discussion
The main finding from our study is that children who were born in and continued to live in, areas classified as low risk attributable to radiation from ground radon had a lower RR for developing ALL as compared with children born in areas classified as normal or high risk. The association was significant for the total group but not for boys or girls individually. The association with continuous residence was even stronger. The visible trend between low risk, normal risk and high risk (RR 1:6.40:10.07) is interesting, suggesting a dose response relation similar to that indicated by Collman et al. + There is evidence that children born in and continuously living in areas classified as high and normal risk for background radiation from radon have higher incidence of acute lymphatic leukaemia. + There is a stronger association with continued residence at a higher risk area than with the risk at the place of birth. + There is no evidence of a similar association of radon with other malignancies. + In view of the increased incidence of acute lymphatic leukaemia even at the so called normal risk areas there is a need to reassess the classification of risk from background radon and enforcement of radon safe building standards.
Even though interval p values are borderline, the lower 95% confidence levels for the normal and high risk group are above unity.
STRENGTH AND WEAKNESSES OF THE STUDY
DESIGN
Malignancies and leukaemias are a heterogeneous group of diseases and may have a variety of causative factors. That apart, we have attempted to minimise selection bias by starting oV with the entire population of children born in the county within the study period excluding only those continuously residing in areas with unknown risk from background radon. The groups were similar in their age and sex composition. In distinction from studies based on interviews with subjects or their parents for the quantification of the exposure, our study was based on more objective criteria of documented and recorded measurements of background radiation attributable to radon, thus avoiding recall bias. The Swedish population registers are accurate and were available as the recorded address of a person as on 31 December of each year under study. It was assumed that the person had lived at the same address throughout the year. While it is theoretically possible that a person could have shifted twice in a year and to locations with diVerent risk levels, the probability of that happening is presumably low enough to be ignored. It may also be argued that ground radon concentrations may diVer from those found within the buildings. However, this would, if anything, lend strength to our findings as building in areas with high ground radon concentrations may have lower concentrations inside rather than vice versa.
Ecological correlational studies are also prone to other biases. 21 22 The most important is the ecological fallacy, which is reduced here as the study is not based upon aggregated but thorough individual information. As compared with mortality data in most studies we used total disease incidence, which is definitely superior. We also used geographical information (GIS) systems methods to accurately locate each person within the risk areas thus avoiding the pitfall of generalising the exposure values to administrative or postcode boundaries.
Significant results may arise by chance alone if a large number of tests of significance are made with respect to a number of cancer sites. We have tried to minimise this by making comparisons and analyses only for those total malignancies and ALL and by using a conservative method of statistical analysis. In the case of ALL, even though both the cases in the "non-exposed" group occurred after the individuals had moved out of Östergötland, we have taken them into account thus underestimating rather than over estimating the strength of the association.
RADON AND LEUKAEMIA
Association of myeloid leukaemia and radon was reported in the past by Lucie 5 and Henshaw 6 and has generated considerable debate. [8] [9] [10] [11] [12] Other workers from the UK revealed correlations for several conditions, the strongest being for ALL. 7 23 However, Thorne et al found no such associations 16 but used indoor radon concentrations that may vary considerably over time and were assessed in a subset of 13% of the total dwellings averaged over the postcode districts. A recent case-control study likewise found no relation between ALL and indoor radon levels, 14 which, however, were measured after the event. On the other hand, an increased risk of leukaemia with a more temporally stable surrogate for ground radon exposure, namely granite, has been reported from France 24 and support our findings. Furthermore, among children living in areas with high groundwater radon levels, Collman reported increased overall cancer and leukaemia mortality, 13 and Gilman and Knox that it increased with increasing radon exposure in 12 complete annual cohorts independent of socioeconomic factors. 25 
RESIDENTIAL MOBILITY, PLACE OF BIRTH AND EXPOSURE EARLY IN LIFE
A study from the UK analysed the relation between migration patterns and leukaemia and, like our data, revealed no significant relation between the two. 26 Knox and Gilman reported stronger hazard proximities for birth addresses than for death addresses among children dying from leukaemia and cancer. 27 This brings up the question of an environmental insult either prenatally or in early childhood, which may make the children more "susceptible" to the development of ALL, and seems to be plausible when one considers that low dose ionising radiation from radiographic examination during pregnancy leads to definite increase in the incidence of childhood cancer. [29] [30] [31] Gardner suggested that preconceptual paternal radiation may be a risk factor of childhood leukaemia. 32 This hypothesis does seem tempting and may explain the association with the place of birth but has been negated by other reports. [33] [34] [35] One important public health question that arises from our study concerns building standards and ground radon levels. As has been pointed out earlier, the classification of areas into low, normal or high risk is the Swedish norm primarily for regulating building and construction standards. Buildings on high risk areas must compulsorily be made radon safe while these measures are recommended but are not compulsory on normal risk areas. The significantly increased risk of leukaemia in children born at normal risk areas suggests that these standards and classifications should be reviewed and radon safe measures be enforced even for buildings on normal risk areas.
CONCLUSION
There is evidence in our study that the incidence of ALL in children is related to the risk of radiation from background radon. There is a stronger association between the incidence of leukaemia and continued residence at high risk areas than with the risk level at the place of birth. Our study does not show any association of other malignancies with radon levels. We would like to emphasise that this is a preliminary correlational study and factors other than radon could be at play. There is, nevertheless, a definite need for further detailed analysis of the relation between radon and childhood leukaemias. We also suggest that the building standards for construction on the areas currently classified as normal risk be reviewed.
